Abstract-A high efficiency 3.3 V-to-1 V switched-capacitor (SC) step-down DC-DC converter with load-dependent frequency control (LFC) and deep-green mode (DGM) operation is proposed for system-on-a-chip (SoC) application. According to output loading current, the LFC technique can immediately and dynamically adjust the switching frequency through the use of pseudo-clock generator (PCG) and lead-lag detector (LLD) circuit to obtain high power conversion efficiency and small output voltage ripple over a wide loading current range. Therefore, adequate loading current supplying function and output voltage regulation can be guaranteed. Moreover, the DGM operation, similar to pulse skipping mode, can mask the switching clock to reduce power loss at ultralight loads for further improving power efficiency. The test chip fabricated in 55 nm CMOS process demonstrates that the proposed fast transient converter can deliver wide load range from 10 mA to 250 mA with two small flying capacitors ( F) and one output capacitor ( F). The peak conversion efficiency is 89% compared to the ideal value of 91%
I. INTRODUCTION

I
N RECENT years, power management units are widely used in portable devices such as smart phones, notebooks, PDAs, cameras, etc. The characteristic of high power conversion efficiency and fully integration in system-on-chip (SoC) for a compact size is the main design goal in power management module. To provide the supply current over a wide load range, the inductor-based switching DC-DC converter is commonly used in SoC applications [1] . However, due to large occupation of print-circuit-board (PCB) area and high cost resulted from the usage of inductor, it is hard to further reduce the size of power management module especially for SoC system applications. Furthermore, electromagnetic interference (EMI), which is easily derived when using the magnetic components, often becomes the thorny issue in the SoC applications.
SC DC-DC converter has the features of small size, simple control scheme, and the moderate power conversion efficiency [2]- [6] . Fig. 1 shows the SoC application with power management unit. Owing to the advantages of small size and low cost in SC DC-DC converter, the capacitor-based switching converter is a good candidate of power management compared to the inductor-based power management. Both step-down and step-up operations can be realized through the combination of different energy delivery paths along with the distinct connections of the flying capacitors [7] - [9] . In addition, to achieve the supply function in SoC applications, the closed-loop operation of the SC DC-DC converter must be activated to derive a well-regulated output voltage [10] , [11] . To replace conventional inductor-based switching regulator by the SC converter, the driving capability and power conversion efficiency are important design issues because the power supplies are necessary to provide the SoC over a wide load range. Many control schemes have been provided to improve the overall efficiency of DC-DC converters [12] - [16] . However, prior arts are realized with large inductors or flying capacitors. Furthermore, fully integrated SC converter with on-chip flying and output capacitors, which can be the replacement of low-dropout (LDO) regulator in some applications, has limited load current range within several mili-amperes [17] . Besides, on-chip capacitance suffers from serious parasitic capacitances and limited silicon area since the cost for the on-chip capacitance is very high in advanced process. Moreover, if small flying capacitors and output capacitor are used, the operating frequency should be increased to ensure the driving capability. In other words, the disadvantages of on-chip capacitance are large switching loss and low flexibility.
For the designs fabricated in nanometer advanced process, it's necessary to provide core devices a regulated 1V supply voltage [17] , [18] . If the input voltage ranges from 3.3 V-3.6 V and the output voltage is 1 V, the conversion ratio can be designed as 1/2x or 1/3x without considering any no-ideal loss. Conventional SC DC-DC architecture is shown in Fig. 2(a) to drive wide loading current range with small flying capacitors at a fixed switching frequency [19] . As illustrated in Fig. 2(b) , the output voltage almost looses the regulation at the point A because of the insufficient current driving capability at heavy loads if 1/3x conversion ratio is utilized. To achieve high current driving capability and to regulate the output voltage, the controller can change the conversion ratio from 1/3x to 1/2x. That is, the operation point is moved from point A to point B. Although the output voltage remains regulated at heavy loads, the power efficiency will be largely reduced to an unacceptable value because 1/2x conversion ratio suffers much extra power loss compared to the 1/3x operation as illustrated in Fig. 2(c) .
Consequently, one alternative way is to increase the switching frequency in the proposed design for supplying large output power and maintaining output regulation. As illustrated in Fig. 3(a), the lower switching frequencies used in SC DC-DC converter contributes lower power loss and thus benefits higher power conversion efficiency. However, energy supplementation is limited by low switching frequencies. That is to say, load range is restricted because of insufficient energy to output at heavy loads. In contrast, the output voltage ripple will be reduced by increasing the frequency as shown in Fig. 3(b) and the output regulation can be guaranteed. Therefore, the load-dependent frequency control (LFC) technique with the deep-green mode (DGM) operation are realized in the proposed SC DC-DC converter to derive an adequate power conversion efficiency and obtain a satisfactory output voltage ripple over a wide load range. According to specific load condition, the proposed LFC technique, which contains pseudo-clock generator (PCG) and lead-lag detector (LLD) circuit, can modulate the switching frequency to obtain an optimum energy supply distribution. Furthermore, the LFC technique can gradually adjust the switching frequency in order to avoid large drop in power conversion efficiency.
In order to further improve efficiency at ultra-light loads, the DGM operation takes over the operation by deeply reducing the switching frequency at the sacrifice of the output ripple. By monitoring the output energy, the controller is activated to transfer energy to the output once it requires energy and consequently reduces power loss. In other words, the controller stays at idle stage for saving energy and the trade-off between efficiency and output ripple happens in the DGM operation. As a result, the performance of both power efficiency and output voltage ripple can be simultaneously guaranteed within a satisfactory range at distinct output load conditions for SoC applications.
The proposed SC DC-DC converter structure is illustrated in Section II. Circuit implementations are described in Section III. Experimental results are shown in Section IV. Finally, a conclusion is made in Section V.
II. PROPOSED SC DC-DC CONVERTER STRUCTURE AND
STABILITY ANALYSIS Fig. 4 shows the proposed SC DC-DC converter structure with two small off-chip flying capacitors, and , to deliver the energy from the input to the output . To regulate the and to ensure supplying quality for the other circuits in SoC, the voltage divider, composed of and , is used to feedback the output information. Feedback signal compares with the reference voltage by the error amplifier (EA) to generate the pre-error signal . Through the closedloop operation in normal operation, the error signal connecting to with the switch can decide the charging time of the flying capacitor and the level of the analog signal to define the driving capability of SC power stage. Therefore, loading current dependent energy control scheme in SC power stage can be realized [20] . The closed-loop control simply uses the proportional-integral (PI) compensation composed of and to generate a low-frequency pole-zero pair to increase system stability.
Due to the loading information contained by the in normal operation, the proposed LFC technique can monitor the trend of loading current during load transient response. Besides, the slope of represents the trend of load condition and is used to generate the system clock for controlling the switching frequency , which represents the switching frequency. The system performance is improved by a trade-off between switching power loss and output voltage ripple.
In other words, the proposed pseudo-clock controlled LFC technique dynamically adjusts the switching frequency according to the trend of different load condition. When the loading current increases toward heavy condition, the LFC technique gradually increases the to provide high current driving capability and to ensure regulation performance. Moreover, the output ripple can be reduced by meanings of increasing . On the other hand, when the loading current suddenly decreases, the LFC technique will accordingly decrease the for high efficiency because of reduced switching power loss. Besides, the switching frequency changing between the four operating frequencies (0.5, 1, 2, and 4 MHz) can instantly provide driving current to the output for good load transient performance. It also brings the advantage of reduced EMI to meet the requirement of the SoC. Moreover, the LFC technique uses the reference voltage and the , derived from the reference generator, to calibrate the switching frequency in normal operation and to provide soft-start operation for high reliability in startup period.
On the other hand, the DGM operation is activated at ultralight loads to effectively enhance power conversion energy if the is smaller than the signal reference voltage . In the meanwhile, the DGM circuit triggers the signal , which masks the switching clock until the output demands for energy replenishment. The also turns off the and clamps the to prevent the cross interference between the normal operation and the DGM operation. In other words, the controller works as a ripple-based control by monitoring output voltage. Furthermore, power conversion efficiency is also guaranteed by the non-overlapping driver, which generates the six-bit signals -to have enough current driving capability and to avoid the shoot through current.
A. SC Power Stage
Fig . 5 illustrates the SC power stage, which contains seven power switches to realize 1/3x conversion ratio. The transistor is used as a current source to control the charging current to the flying capacitors while the other transistors work as the power switched. Here, the duty of switching period is fixed as 50%. Basically, the ideal power conversion efficiency is shown as (1) . (1) Due to the step-down operation in the proposed SC converter, the power conversion efficiency is mainly decided by the relationship between the input voltage , the output voltage and the conversion ratio , which is 1/3 in this work.
The simplified dc model of SC converter with the current-mode driving control is depicted in Fig. 6 . Corresponding to the 1/3x SC power stage, it includes the dependent voltage source , the adjusting equivalent resistance , the output loading , and output capacitor . The equivalent function contributed by the transistors -is modeled as an equivalent voltage source with a conversion ration . The transistor in SC power stage can work as an adjustable because can control the charging energy by adjusting the gate voltage , which is derived from the current-mode driving circuit. This simplified dc model doesn't contain the conduction loss, switching loss and the quiescent current loss. Thus, the output voltage can be regulated as a predefined voltage by adjusting the as expressed in (2) . If the is far away from the value of due to the increasing loading current , the efficiency will become lower than (1) because large power loss occurs in the voltage drop across the adjustable .
The energy charging and discharging schemes of the SC power stage are illustrated in Figs. 7(a) and (c), respectively. During energy charging phase, the charging current directly flows from the to the through two flying capacitors and . According to different load current, the charging current is controlled by the gate control signal . The remaining power switches are operated with the driving signals -from the non-overlapping driver to provide correct energy discharging phase. During the energy discharging phase, both the flying capacitors are in parallel connected to the output capacitor for providing enough driving current.
To derive the power loss of the SC converter, Fig. 7 (b) and (d) depict the model, which includes the on-resistance of power switch and the ESR of the flying capacitors, in charging phase and discharging phase, respectively. The period of the charging or discharging phase is half of the switching cycle because the duty cycle is fixed at 50%. In Fig. 7 (b) and (d), the is equal to the in the charging phase while the is equal to twice the in the discharging phase. Total power loss as shown in (3) includes conduction power loss , switching power loss , and extra power loss dissipated by the control circuit. The in (4) is resulted by the power transistors and the ESR. The is caused by charging and discharging the parasitic capacitance parallel to each flying capacitor as expressed in (5). (3) (4) (5) where is the parallel parasitic capacitance of the -th flying capacitor and is the voltage difference within half of one switching period.
When the system operates at light loads, the total power loss is mainly dominated by the . That is to say, the can be further reduced if the switching frequency is properly adjusted by the proposed LFC technique. As a result, the efficiency can be effectively improved especially at light and medium loads. Furthermore, small flying capacitor can be used because the can be changed according to the loading current. Consequently, the caused by the ESR can also be reduced since small flying capacitor accompanies a small ESR. In conclusion, the LFC technique changes the switching frequency according to the loading current can enhance the efficiency.
B. Pseudo-Clock Controlled LFC Operation
The main purpose of LFC technique is to immediately adjust the switching frequency for achieving adequate energy driving capability, high efficiency, and fast transient response for different loading current. The output voltage information is delivered to the EA from the voltage divider, and as shown in Fig. 4 . Thus, the output of the EA, , reflects the loading current information. In the normal operation, shorts to by turning . Considering the stability, PI compensator, composed of compensation resistor and capacitor , is adopted to extend the bandwidth and low-frequency gain for regulation performance. In steady state, the is regulated at one certain voltage level. In case of loading current transient, the driving current capability of power stage will be changed . Interestingly, the trend of the variation can be used to indicate the proper trend in the variation of switching frequency.
As depicted in Fig. 8 , the signal is defined as a pseudo-clock, which is generated by a saw-tooth signal ramping up/down within a pre-defined fixed hysteresis window . is the upper bound of the hysteresis window. Besides, in steady state, the duty cycle of is 50%. With a fixed hysteresis window, , the trend of the variation can vary the duty of . In case of light-to-heavy load change, the increasing forces the duty of to be larger than 50% since the on-time increases and the off-time decreases. On the other hand, the heavy-to-light loads change forces the duty of smaller than 50%. Consequently, according to the trend of the variation, the difference of is listed in Table I . In other words, wider range of load transient which makes larger voltage variation at the output results in larger duty variation of the . To obtain adequate energy driving capability by adjusting the switching frequency, the should compare with one pre-defined reference-clock to decide the increase or decrease in the switching frequency as illustrated in Fig. 9 . Similarly, the duty of is fixed at 0.5. Thus, the synchronizes with the in steady state. One threshold period is utilized to avoid oscillation between two different switching frequencies in the LFC technique. In case of light-to-heavy loads change, the duty of is larger than 0.5. If the variation of duty is larger than the value of , the switching frequency will be increased. As depicted in Fig. 9(a) , the is increased to a higher value. In other words, the light-to-heavy loads change causes the increase of and thus makes the lags the with the amount of lagging period since the current switching frequency can't have the ability to deliver enough energy to the output. After the increase of switching frequency by the LFC technique, the SC converter can provide adequate energy to the output. Meanwhile, the will synchronize with the again after the output voltage is regulated.
On the other hand, if the loads change from heavy to light, the phase of leads that of . As shown in Fig.  9(b) , when the leading time is larger than the , the switching frequency should be decreased to avoid excess energy delivering to the output. After the adjustment in the switching frequency by the LFC technique, the output voltage will be wellregulated and the will synchronize with the . In conclusion, the proposed pseudo-clock controlled technique reflects the load conditions and the LFC technique features the fast transient response owing to the adjustable switching frequency according to different duty of and . Furthermore, the SC converter operates with a proper switching frequency for adequate energy driving capability in steady state.
C. System Stability Analysis
The small signal model of the SC converter with the PI compensation, which is composed of the resistor and the capacitor , is illustrated in Fig. 10 . K is defined as the gain of current-mode driving circuit. G is defined as the gain of power stage of SC converter. The ideal value of G is equal to 1/3 according to the structure of the switches and flying capacitors. Two poles as expressed in (6) and (7) locate at the output of EA and the output , respectively.
is the equivalent output resistance of the EA and is the equivalent loading resistance. Besides, one compensated zero contributed by the PI compensation is shown in (8) . (8) The current-mode driving control circuit converts the to the to control the charging current for charging the flying capacitors. Thus, it's modeled as the combination of the V-I converter and the current buffer , which has an equivalent output resistance . Therefore, the transfer function of SC converter can be expressed in (9).
(9) The frequency response of proposed SC converter is shown in Fig. 11 . Because the output pole depends on the load condition, the compensated zero in (8) cancels the lower-frequency output pole at light loads to ensure a sufficiency phase margin (PM). Thus, the pole at the output of EA becomes the dominant pole of the SC converter. Before the unit-gain frequency (UGF), the system simply contains one pole to ensure the stability in the proposed SC converter. Fig. 12 shows the implementation of LFC circuit. To achieve adequate energy driving capability for different output load, the switching frequency in the proposed SC converter can be varied, so as to ensure regulation performance and conversion efficiency. The LFC circuit contains the clock generator, the pseudo-clock generator (PCG), the lead-lag detector (LLD), and the frequency calibration circuit.
III. CIRCUIT IMPLEMENTATION
A. Load-Dependent Frequency Control (LFC) Circuit
The clock generator defines the basic clock and the clock divider produces several clock signals with same duty ratio as 50% but with different frequencies. The lowest frequency of these signals, , is used as a reference-clock. The system-clock is adjustable which is controlled by the LLD circuit to increase or decrease the switching frequency when the loading current increases or decreases, respectively. Furthermore, the can be further modulated by the signal for drastically decreasing switching power loss at ultra-light loads.
The is connected to the PCG in order to generate the pseudo-clock with the variable duty cycle corresponding to the trend of . In the PCG circuit, the hysteresis window,
, is generated by a fixed DC offset formed by the flowing through the resistor . The upper and the lower bounds are and , respectively. Two operational amplifiers, and , are used as the buffer to filter out high frequency noise and to get clean control signals and . Here, the determination of the on-time of is to compare the saw-tooth , which is generated by charging the capacitor with a constant current , with the upper bound,
. On the other hand, the duration of the off-time is decided by the positive edge of the and follows (the buffered output of ). Thus, the LLD circuit can decide the lead or lag condition in Fig. 9 to decrease or increase the switching frequency, respectively, by comparing the with the . After the increment or decrement of the switching frequency, the can synchronize the at the steady state. The frequency calibration circuit is composed of two comparators, and , which are used to compare the with the reference voltage and , respectively. If the approaches the in case of increasing loading current, the gain of the EA is deteriorated because the transistors at the output stage of the EA are in the triode region. Thus, a signal triggered by frequency calibration circuit to the LLD circuit can avoid the failure of the EA by the increase of switching frequency. That is to say, higher switching frequency ensures higher driving capability and has the ability to pull low the level of the until it's within the range of and . Similarly, if approaches the voltage level of in case of decreasing loads, the frequency calibration circuit triggers the to the LLD circuit to decrease the switching frequency. Here, with a lower voltage level works as the function soft-start to prevent the output from being overcharged by much energy injection, which results in drastic variation at the if the output voltage is much lower than its nominal value during start-up period. Namely, the comparison between the with the can decide the signal of to inhibit the switching frequency increasing.
The LLD circuit implementation is depicted in Fig. 13 . To avoid abnormal oscillation between two switching frequencies, the threshold period is designed in the LLD circuit. The is determined by the biasing current , the capacitor , and the . When the leading or lagging time of is greater than the compared to the , the signal of DN or the UP will be triggered by the logic circuit to activate the up/down(U/D) counter. Furthermore, when the error signal is failed to generate the slope because its level is near the power supply or ground, the frequency calibration signals and from the frequency calibration circuit can also trigger the U/D counter. Finally, the voltage will be an adequate value in steady state to control the multiplexer which determines the switching frequency of . The time diagram of the LLD circuit is shown in Fig. 14. When the lags the , the signal ramps up by a constant current and compares with the reference voltage , which determines the . Once the lagging time is larger than the , the signal UP is sent to increase the switching frequency. Similarly, the switching frequency can be decreased by the signal DN if the leading time is larger than the . Fig. 15 illustrates the detail time diagram in the pseudo-clock controlled LFC technique by the LLD circuit. When the loading current changes, the error signal will be varied to response to it by the negative feedback control. Different load steps result in different variations and the changes in the duty of which is realized by the PCG. It's indicated as mentioned in Table I . Then, the comparison of the and the is implemented in the LLD circuit to determine the adequate frequency by controlling . When the loads changes from light to heavy, the duty of is larger than the duty of by the extra period . When the is longer than the , insufficient energy supply derived at the output will result in the increment of switching frequency to guarantee a well-regulated output voltage. That is, the signal UP will be set as logic high to activate the U/D counter. Therefore, the will be increased to select the higher switching frequencies as until enough energy can be transferred to the output. On the other hand, the decreasing switching frequency will happen when the phase of leads that of higher than the value of in case of heavy-to-light loads.
B. Current-Mode Driving Circuit
Fig . 16 shows the current-mode driving circuit to drive the power switch for controlling the energy driving scheme of the proposed SC converter. The error signal can be utilized to determine how large the driving current can be sourced from the since the derived from the output of EA contains the load information. The transferred from through V-I conversion will be magnified through the three-stage cascaded current mirrors to guarantee the demanded current driving capability. The advantage is the can be regarded as the current source with small voltage headroom requirement at the energy charging phase. On the other hand, the signal generated by the LFC circuit will turn off the to stop the energy charging for the flying capacitor when the SC converter operates at the discharging phase. Moreover, another advantage is that the turning-off operation of the does not need a large size of to disable the power switch due to the three-stage cascaded current mirrors. Besides, the value of and K is design as 10, 10, and 400, respectively for reasonable consideration of acceptable power loss and frequency response. That is, the power loss consumed by the current-mode driving circuit is only about 0.2775% of total power and it brings less deterioration of total power efficiency.
C. Deep-Green Mode (DGM) Operation
To maintain high power conversion efficiency at ultra-light loads, the DGM circuit as depicted in Fig. 17 can be utilized to mask the switching clocks to reduce switching power loss. When the pre-error signal is lower than a threshold voltage level , the DGM operation will be activated by triggering the signal . Thus, the system is operating by ripple-based control and the output voltage is monitored by the hysteresis comparator to guarantee the output voltage regulation. Moreover, the signal is disconnected to EA and clamped at voltage by the error-clamping circuit (ECC) which is used to structure a feedback loop. The and the can be used to increase the circuit stability. The clamped voltage is defined by the through the source follower . The gate-source voltage of works as the hysteresis voltage to avoid incorrect toggle between the DGM and the normal operation. Clamping function aims to prevent the cross interference between the linear loop of current driving capability in the normal operation and the ripple-based control in the DGM operation.
IV. EXPRIMENTAL RESULTS
The proposed SC DC-DC converter with the LFC and DGM techniques was fabricated in 55 nm CMOS process for SoC integration. The input voltage ranges from 3.3 V to 3.6 V. The nominal output voltage is 1 V to supply the core devices in 55nm technology. More importantly, the flying capacitors and the output capacitor can be used as small as 0.1 F and 1 F, respectively. The maximum loading current is 250 mA. The design specifications of proposed SC converter are listed in Table II . The chip micrograph with active area of 1100 Fig. 18 . The prototype of the proposed SC converter is shown in Fig. 19 . Obviously, with inductor-less architecture of the proposed SC converter, the PCB cost is as less as possible with regardless of the other testing components. Fig. 20 demonstrates the measured steady-state operation with different switching frequencies under different load conditions when the input and regulated output voltage are 3.3 V and 1 V, respectively. The , which is the positive terminal of the flying capacitor in Fig. 4 , shows the switching frequency is 500 kHz in Fig. 20(a) . Due to light load condition, the switching frequency is actually reduced to a smallest value for power saving. The power conversion efficiency is kept higher than 84%. Simultaneously, the output ripple can be show increasing switching frequency from 1 M to 4 M owing to the increase at loading current from 35 mA to 224 mA. Furthermore, the output voltage ripple can be kept smaller than 25 mV because the output voltage ripple can be reduced by increasing the switching frequency. Fig. 21 shows the completely measured load transient response between medium and light loads with distinct switching frequencies. The is the signal of the negative terminal of the flying capacitor in Fig. 4 . When the changes from 70 mA to 25 mA, the switching frequency is adjusted from 1 MHz to 500 kHz with the output voltage ripples, 25 mV and 30 mV, respectively. The performance can also be maintained when the changes from 25 mA back to 70 mA. The recovery times of overshoot and undershoot are 5 s and 20 s, respectively. Good voltage regulation and fast transient response are achieved because of high loop gain and bandwidth. Fig. 22(a) can demonstrate the details of the LFC technique mechanism. The LFC contains the comparative operation of two clocks, and to determine the frequency. Fig. 22(b) shows the duty of is smaller than that of the when the steps from 70 mA to 25 mA, or vice versa in As expected, the switching frequency changes if the or the is greater than the . The load transient response with both step-up and step-down between middle and heavy loads is depicted in Fig. 23(a) . As shown in Figs. 23(b) and (c), the switching frequency will increase or decrease by the LFC technique as 1 MHz and 2 MHz with the loading current of 70 mA and 130 mA, respectively. The output ripple can be decreased when the switching frequency increases. The recovery time is about 7 s for undershoot and about 12 s for overshoot. Fig. 24 shows the DGM operation for enhancing the ultra-light load efficiency if load current is 10 mA. Meanwhile, the output voltage ripple can be kept within 30 mV.
The measured normalized power conversion efficiency and the output ripple with or without the proposed LFC and DGM controls are shown in Figs. 25 and 26 , respectively. According to (1) with the designed and , the ideal efficiency is 91%. The switching loss can be greatly reduced owing to the proposed LFC and DGM controls. The measured peak efficiency increases to 89%, which is equal to 98% normalized efficiency, when the is 100 mA and the overall normalized efficiency is maintained higher than 90% from 10 mA to 250 mA. The output voltage ripple becomes larger during the light-to-heavy loads change under the operation with a constant switching frequency. That is, the ripple can also be minimized by increasing the switching frequency and guaranteed smaller than 30 mV with smaller flying capacitors and output capacitor compared to the commercial products. Finally, the comparisons of the prior SC methodologies are shown in Table III. V. CONCLUSION The pseudo-clock controlled LFC SC DC-DC converter with the DGM operation is proposed to achieve high efficiency over a wide load range for power management in SoC applications. Besides, small flying capacitors with smaller ESR can be utilized to reduce the switching power loss because the switching frequency can be adjusted according to the load condition. Furthermore, without using the inductor-based power management solution, minimization in PCB area and cost reduction can be achieved. The 1/3X step-down SC operation with the current-mode driving control forms a closed-loop function for modulating the output voltage. In addition, the LFC adjusts the switching frequency according to the distinct load condition which is reflected by PCG to ensure high efficiency and good voltage regulation over a wide load range. The load-dependent frequency can also improve the transient response and is demonstrated in measurement results. Furthermore, the DGM operation further helps enhance the power conversion efficiency at ultra-light loads. Measurement results show the normalized efficiency can be maintained over 90% and the output voltage ripple can be guaranteed smaller than 30 mV.
